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PREFACE 

This  twenty year  p r o j e c t i o n  f o r  i n f r a r e d  astronomy was prepared 

a t  t h e  r e q u e s t  of t h e  NASA Goddard Space F l i g h t  Center t o  a i d  i n  a 

p r o j e c t i o n  of i t s  s c i e n t i f i c  goa l s  f o r  t h e  coming y e a r s .  

d i s c u s s e s  r easons  f o r  t h e  importance of i n f r a r e d  astronomy, t h e  

in s t rumen ta t ion  needed t o  make s i g n i f i c a n t  obse rva t ions ,  and t h e  

r o l e  of ground-based and space borne p r o j e c t s  i n  a comprehensive 

i n f r a r e d  program. It i n d i c a t e s  t h e  a r e a s  i n  which t e c h n i c a l  advances 

a r e  m o s t  u r g e n t l y  r equ i r ed  and sugges t s  a p o s s i b l e  t i m e  s c a l e  f o r  

ins t rument  development and u t i l i z a t i o n .  Af t e r  t h e  r e p o r t  had been 

prepared ,  t h e  au tho r s  became aware t h a t  t h e r e  might be cons ide rab le  

g e n e r a l  i n t e r e s t  i n  t h e  docunent, p a r t i c u l a r l y  on t h e  p a r t  of o t h e r  

workers i n  t h e  f i e l d .  

s t a t emen t  of our pe r sona l  p o s i t i o n  which may lead  t o  a consensus 

concerning l a r g e  ins t ruments  and programs r e q u i r i n g  e x t e n s i v e  

government suppor t .  

The r e p o r t  

W e  hope t h a t  d i s c u s s i o n s  w i l l  a r i s e  from t h i s  

William F. Hoffmann 
Nev i l l e  J. Woolf 

I n s t i t u t e  f o r  Space S t u d i e s  
Goddard Space F l i g h t  Center  NASA 
May 24 ,  1967 
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T REASONS FOR THE IMPORTANCE O F  INFRARED ASTRONOMY 

I n f r a r e d  obse rva t ions  a r e  an  important  i n g r e d i e n t  of our 

understanding of fundamental as t ronomica l  p rocesses .  These 

p rocesses  may be thought  of a s  t h e  i n i t i a l  format ion  of a s t ron -  

omical systems,  t h e  product ion  of energy i n  some o b j e c t s ,  t h e  

deg rada t ion  of r a d i a t i o n  f a l l i n g  on o t h e r s ,  and t h e  f i n a l  d i s p e r s a l  

or c o n t r a c t i o n  of t h e  systems. 

A THE DISCOVERY OF OBJECTS BY INF-R-ED OBSERVATIONS 

I n  t h e  first p l a c e ,  one is  of cour se  i n t e r e s t e d  i n  t h e  e x i s t -  

ence of as t ronomica l  o b j e c t s .  Not a l l  such o b j e c t s  a r e  d e t e c t a b l e  

by t h e i r  emission or  abso rp t ion  of v i s i b l e  r a d i a t i o n .  For example, 

a l a r g e  i n f r a r e d  r a d i a t i n g  o b j e c t  has  r e c e n t l y  been found i n  t h e  

Orion nebula  f o r  which no v i s i b l e  c o u n t e r p a r t  has been detected.  

One can  i n f e r  t h a t  t h i s  o b j e c t  i s  a s t a r  or  s t a r  c l u s t e r  i n  t h e  

p rocess  of formation.  I n  another  case, a young s t a r ,  R Monocerotis,  

appears  t o  be surrounded by an i n f r a r e d  e m i t t i n g  d u s t  cloud t h a t  

couid well be a syste.?: $5 ~ l a m t s  i n  t h e  p rocess  of formaticin. 

as t ronomica l  o b l e c t s  are be l ieved  t o  begin  w i t h  a condensat ion i n  

a d i f f u s e  medium. such condensing o b j e c t s  w i l l  g e n e r a l l y  be cool 

a t  f i r s t ,  e m i t t i n g  the  bulk  of t h e i r  r a d i a t i o n  i n  t h e  i n f r a r e d .  

Thus i n f r a r e d  obse rva t ions  a l l o w  one t o  t r a c e  o b j e c t s  back t o  

t h e i r  b i r t h .  

All 
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B EYERGY PRODUCTION A N 9  RADEATION I N  ASTRONOMICAL OBJECTS 

One wishes t o  understand t h e  mechanisms of energy product ion  

dur ing  t h e  l i f e  of an o b j e c t .  It i s  t h e  i n t e r n a l  sou rce  of energy 

t h a t  d i s t e n d s  o b j e c t s  such as s t a r s :  t h e  r a p i d  l i b e r a t i o n  of t h i s  

energy t h a t  sometimes explodes s t a r s :  and t h e  f a i l i n g  of t h e  source 

of energy t h a t  l e t s  t h e  s t a r  f i n a l l y  c o l l a p s e  t o  a f a t e  determined 

by t h e  r e s i d u a l  mass. The r a d i a t i o n  l i b e r a t e d  i n  t h e  i n f r a r e d  may 

be a s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l .  For example, t h e  b r i g h t e s t  

quasar  3 C 2 7 3  appears  t o  be r a d i a t i n g  about 90% of i t s  t o t a l  

emission i n  t h e  i n f r a r e d .  

c DEGRADATION OF ENERGY I N T O  THE INFRARED 

One wishes t o  understand t h e  p rocesses  which occur i n  d i s s i -  

p a t i o n  of t h e  energy r a d i a t e d  by o b j e c t s ,  and i ts  c o o l i n g l o r  de- 

g rada t ion ,  i n t o  longer  wavelength r a d i a t i o n  through i n t e r a c t i o n  w i t h  

matter and a l s o  from t h e  expansion of t h e  universe .  A l s o ,  one 

would l i ke  t o  know of t h e  mechanisms t h a t  a r e  d r i v e n  by t h e  

a b s o r p t i o n  and reemiss ion  of t h i s  r a d i a t i o n .  F i n a l l y ,  most of 

t h e  cooled r a d i a t i o n  from a l l  o b l e c t s  w i l l  appear i n  t h e  i n f r a r e d  

f o r  t h e  fol lowing r easons .  Objec ts  w i l l  on ly  be coo le r  t han  t h e  

cosmic background r a d i a t i o n  temperature  3OK 

c i rcumstance  t h a t  t h e y  a c t  as n a t u r a l  r e f r i g e r a t o r s ,  On t h e  o the r  

hand, o b j e c t s  known from v i s u a l  s t u d i e s  a r e  h o t t e r  t han  3 0 0 0 ° K  

e m i t t i n g  most of t h e i r  r a d i a t i o n  i n  t h e  v i s i b l e  or  near  u l t r a -  

v i o l e t .  The cooled energy f r o m  t h e s e  o b l e c t s  should mainly appear 

i n  t h e  extremely odd 
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between t h e  long wavelength l i m i t  of t h e  v i s i b l e  spectrum and 

t h e  b l ack  body maximum f o r  3 O K ,  a t  1 mm. 

t h e  i n f r a r e d  spectrum. One such coo l ing  p rocess  i s  t h e  re- 

r a d i a t i o n  of s t a r l i g h t  by i n t e r s t e l l a r  d u s t .  

of t h e  t o t a l  r a d i a t i o n  of a galaxy should appear degraded i n t o  

t h e  i n f r a r e d  by t h e s e  p a r t i c l e s .  

This  is  t h e  e x t e n t  of 

A s u b s t a n t i a l  p a r t  

D DISSOLUTION O F  OBJECTS AND ITS OBSERVATIONS I N  THE INFRARED 

The d i s s o l u t i o n  of o b j e c t s  i s  not  ea sy  t o  observe.  However 

f o r  more than  a decade it has  been known t h a t  r ed  g i a n t  s t a r s  a r e  

e j e c t i n g  much of t h e i r  matter.  

as t ronomers  t h a t  t h i s  e j e c t e d  mat te r  should c o n t a i n  s o l i d  p a r t i c l e s  

t h a t  should be degrading t h e  s t a r l i g h t  and r e - r a d i a t i n g  it i n  t h e  

i n f r a r e d .  Thus t h i s  should provide one of t h e  few ways of making 

q u a n t i t a t i v e  obse rva t ions  of t h i s  e j e c t e d  matter .  I n  f a c t ,  f l i c k -  

e r i n g  i n f r a r e d  emission from regions  around r ed  g i a n t  s t a r s  has  

a l r e a d y  been r e p o r t e d ,  b u t  t h e  f l i c k e r i n g  i s  on such a s h o r t  t i m e  

s c a l e  t h a t  it cannot  y e t  be simply r e l a t e d  t o  t h e  mass loss. 

i n f r a r e d  obse rva t ion  has  provided a new as t ronomica l  mystery t o  

It has  been p r e d i c t e d  by some 

This  

be so lved  i n  t h e  f u t u r e .  

E DETERMINATION O F  PHYSICAL PROPERTIES BY INFRARED SPECTROSCOPY 

I n  a l l  ce les t ia l  o b j e c t s  t h e  mechanism of t h e  emission of 

r a d i a t i o n  provides  t h e  c l u e s  t h a t  a l low one t o  d iscover  t h e  n a t u r e  

Of t h e  o b j e c t .  

modif ied by gaseous a b s o r p t i o n  and a l lows  one t o  employ spec t ro-  

s c o p i c  means t o  determine temperature ,  p r e s s u r e ,  chemical 

Thermal r a d i a t i o n  f r o m  opaque o b j e c t s  is  o f t e n  
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composition, and o t h e r  s u r f a c e  p r o p e r t i e s .  Furthermore,  low 

r e s o l u t i o n  i n f r a r e d  spec t roscopy can be used t o  d i s t i n g u i s h  t h o s e  

cases where t h e  r a d i a t i o n  is  non thermal and depends i n  d e t a i l  

on t h e  fundamental p rocesses  occuring i n  t h e  system. The pro- 

cesses r e s p o n s i b l e  f o r  non thermal  sou rces  a r e  no t  w e l l  understood. 

It i s  i n  t h e  understanding of them t h a t  t h e  a s t r o p h y s i c i s t  hopes 

f o r  t h e  g r e a t e s t  advances. The i n f r a r e d  r a d i a t i o n  from 3C273 is  

probably one case of non thermal  emission.  

from t h e  r eg ions  around t h e  red  g i a n t  s t a r s  i s  another .  Recent ly  

non thermal  emission has  been found i n  t h e  r a d i o  spectrum where 

OH molecules  i n  some dense  r eg ions  of i n t e r s t e l l a r  space appear 

t o  be a c t i n g  a s  n a t u r a l  masers. Such n a t u r a l  masers a r e  a l s o  

l i k e l y  t o  occur i n  t h e  i n f r a r e d  reg ion  of t h e  spectrum where 

l a b o r a t o r y  s t u d i e s  have shown molecular masers t o  be very e a s i l y  

produced. However, it i s  n o t  known whether o r  not  t h i s  s c i e n t i f i c  

c u r i o s i t y  i s  of s i g n i f i c a n c e  f o r  t h e  h i s t o r y  of as t ronomica l  

o b j e c t s .  

The f l i c k e r i n g  emission 

I1 INSTRUMENTATION 

I n f r a r e d  obse rva t ions  have been r a r e  u n t i l  t h e  p a s t  f i v e  

y e a r s  because of t e c h n i c a l  d i f f i c u l t i e s .  A )  I n f r a r e d  d e t e c t o r s  

cannot  be made as  s e n s i t i v e  a s  r e c e i v e r s  i n  o t h e r  s p e c t r a l  r eg ions  

because  of t h e  s t r o n g  thermal  emission of a l l  subs t ances  used t o  

b u i l d  t h e  in s t rumen t s .  B) The e a r t h ' s  atmosphere i s  h igh ly  
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absorbing and emi t t i ng  i n  t h e  i n f r a r e d .  C) Few l a r g e  t e l e s c o p e s  

have been a v a i l a b l e  f o r  i n f r a r e d  observa t ions .  D) Because of t h e  

l i m i t a t i o n s  of d e t e c t s r  s e n s i t i v i t y ,  h igh  e f f i c i e n c y  spec t rographs  

a r e  r equ i r ed  f o r  t h e  i n f r a r e d .  These  p o i n t s  a r e  d i scussed  below. 

A DETECTORS 

I n f r a r e d  d e t e c t o r s  a r e  l a r g e l y  l imi t ed  by t h e  thermal  r ad ia -  

t i o n  f a l l i n g  on them. The s e n s i t i v i t y  can ,  however, be r a i s e d  by 

coo l ing  t h e  d e t e c t o r s  and l e t t i n g  them see t h e  o u t s i d e  world only 

through narrow angular  a p e r t u r e s  and cooled narrow band f i l t e r s  . 
Although t h i s  technique  i s  employed w i t h  cons ide rab le  success ,  

it cannot  be  c a r r i e d  to extreme. The narrow band and t h e  small 

angular  a p e r t u r e  a l s o  restrict  t h e  r a d i a t i o n  coming from as t ron -  

omical o b j e c t s .  Even p o i n t  sources  appear a s  s u r f a c e s  because 

of d i f f r a c t i o n .  Thus t h e  expected f u r t h e r  improvement of de tec-  

t o r s  i s  l i k e l y  t o  make only  modest c o n t r i b u t i o n s  t o  s e n s i t i v i t y  

i n  t h e  r e g i o n  4-100~ 

i s  g r e d k S t .  Ir; t h e  f ~ r t h e r  and nea re r  i n f r a r e d  however, s i g n i f -  

i c a n t  d e t e c t o r  advances may s t i l l  be u s e f u l l y  made. A l s o  f o r  

s p e c i a l  problems such a s  t h e  s tudy  of narrow s p e c t r a l  l i n e s ,  

some improvement seems l i k e l y .  One cannot f o r s e e  t h e  e n t i r e  

i n s t rumen t  of a l a r g e  s a t e l l i t e  t e l e s c o p e  being cooled enough t o  

a p p r e c i a b l y  modify t h e s e  comments, a t  l e a s t  n o t  i n  t h e  next  2 0  

y e a r s .  

where thermal emission from t h e  surroundings 
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Because of t h e  s e n s i t i v i t y  t o  thermal  r a d i a t i o n ,  t h e  coo l ing  

ba l loon  borne i n f r a r e d  d e t e c t o r s  ope ra t e  near  1 . 8 O K  us ing  l i q u i d  
I 

mated t o  vary a s  1/T2,  where T is t h e  a b s o l u t e  tempera ture ,  

wh i l e  t h e  observing t i m e  t o  a t t a i n  a p a r t i c u l a r  s i g n a l  t o  n o i s e  

r a t i o  w i l l  vary a s  1 /T . Under t h e s e  c i rcumstances ,  i f  one can 

a t t a i n  f o r  example only  20°K i n  a s a t e l l i t e ,  t h r e e  months of 

4 

I s a t e l l i t e  obse rva t ions  may be  i n f e r i o r  t o  a s i n g l e  rocke t  f l i g h t  

where t h e  helium c o o l a n t  is a t  l e s s  t han  2OK. 

It is  c r u c i a l  t h a t  coo l ing  systems capable  of a t t a i n i n g  temper- 

I 
a t u r e s  i n  t h e  range 2OK t o  O.l°K be  developed f o r  s a t e l l i t e  use.  

This one i t e m  should have h i g h e s t  p r i o r i t y  of all ins t rument  

development i n  t h e  nex t  decade. 

B ATMOSPHERIC ABSORPTION AND EMISSION I N  THE INFRARED 

The i n f r a r e d  d i v i d e s  i n t o  two s p e c t r a l  reg ions :  

(i)1000-25p. 

s t u d i e s  must be made from above most of t h e  atmosphere. Water 

vapor i s  t h e  main absorber .  

f r o m  t h e  h i g h e s t  a i r c r a f t  a l t i t u d e s  (h ighe r  t h a n  40,000 f t )  . 
Water vapor is r a p i d l y  f rozen  o u t  of t h e  atmosphere w i t h  i n c r e a s i n g  

This  r e g i o n  is v i r t u a l l y  i n a c c e s s i b l e  from t h e  ground. A l l  

P a r t i a l  t r anspa rency  is expected 
I 
I 



needed t o  make c o n s i s t e n t l y  good obse rva t ions .  From ba l loons ,  

only a few pe rcen t  of r e s i d u a l  abso rp t ion  is l e f t ,  bu t  i f  water  

vapor e x i s t s  i n  s t r a t o s p h e r i c  c louds ,  ba l loon  and a i r c r a f t  obser- 

v a t i o n s  w i l l  be  s e v e r e l y  l i m i t e d ,  and r o c k e t s  and s a t e l l i t e s  

would be needed. Some s l i g h t  i n d i c a t i o n s  i n  f avor  of a c l e a r  

s t r a t o s p h e r e  w e r e  ob ta ined  from a ba l loon  sky survey a t  300,LL 

c a r r i e d  out  by t h e  I n s t i t u t e  f o r  Space S t u d i e s ,  b u t  f u r t h e r  obser- 

v a t i o n s  a t  wavelengths where w a t e r  absorbs  more may change t h i s  

t e n t a t i v e  conclus ion .  

(ii) 2 5 p -  1 , ~ .  

ground. 

S t u d i e s  from a l o f t  w i l l  be needed t o  s e a r c h  f o r  objects w i t h  a 

low s u r f a c e  b r i g h t n e s s ,  and t o  search  f o r  s p e c t r a l  f e a t u r e s  

t h a t  c o i n c i d e  w i t h  t e r res t ia l  atmospheric a b s o r p t i o n  bands. H e r e  

one should n o t e  t h a t  C02 does not f r e e z e  o u t  of t h e  atmosphere, 

and s t u d i e s  of CO bands i n  t h e  s p e c t r a  of o t h e r  p l a n e t s  may need 

t o  be made f r o m  r o c k e t s  o r  sa te l l i tes .  

C THE AVAILABILITY OF LARGE TELESCOPES FOR INFRARED OBSERVATIONS 

Large t e l e s c o p e s  a r e  important  f o r  s tudying  o b j e c t s  of s m a l l  

This  r eg ion  i s  p a r t i a l l y  accessible from t h e  

Major abso rbe r s  a r e  w a t e r  vapor and carbon d iox ide .  

2 

angu la r  d i ame te r s  and f o r  s tudying  t h e  s t r u c t u r e  of extended 

o b j e c t s .  

f o r  photometry of t h e  Milky Way, t h e  Z o d i a c i a l  l i g h t ,  and o t h e r  

o b j e c t s  of few degrees  e x t e n t .  Telescopes of a m e t e r  a p e r t u r e  a r e  

Telescopes of a f e w  cen t ime te r s  a p e r a t u r e  a r e  adequate 
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s u i t a b l e  f o r  photometry of p l a n e t s ,  emission nebulae and t h e  

b r i g h t e s t  p o i n t  sou rces .  A t h r e e  meter t e l e s c o p e  could be  used 

f o r  s t r u c t u r a l  and spec t roscop ic  s tudy  of t h e s e  o b l e c t s  and f o r  

fainter p o i n t  sou rces .  

Telescopes i n  a l l  t h o s e  s i z e s  would be u s e f u l  bo th  on t h e  

ground and i n  s a t e l l i t e s . T h e  s u r f a c e  q u a l i t y  for  a ground 

tel-escwe need g i v e  an image of Only about  2 seconds of a r c  which is  

t h e  spreading  of a s t e l l a r  image by f l u c t u a t i o n s  i n  atmospheric 

r e f r a c t i o n .  A t  t h e  p r e s e n t  t i m e  t e l e s c o p e s  o f  t h i s  q u a l i t y  can 

be cons t ruc t ed  w i t h  a p e r t u r e s  up t o  a t  l e a s t  3 meters diameter  

a t  moderate cost .  Larger t e l e s c o p e s  would be u s e f u l  even i f  c o s t  

l i m i t a t i o n s  requiredcomprornising t h e  image q u a l i t y  t o  as poor as 

1 minute of a r c  f o r  a 25 m e t e r  t e l e scope .  Such a t e l e s c o p e  

would be  u s e f u l  f o r  h igh  r e s o l u t i o n  i n f r a r e d  spec t roscopy of 

r e l a t i v e l y  b r i g h t  sou rces  such a s  p l a n e t s  and t h e  new o b j e c t  

d i scovered  i n  t h e  Orion nebula  a t  2 0 p -  . The d e s i r e d  s u r f a c e  

q u a l i t y  of s a t e l l i t e  t e l e s c o p e s  w i l l  bede te rminedby  t h e  d i f f r a c t i o n  

image of a p o i n t  sou rce ,  

seconds of a r c  f o r  a 3 m e t e r  t e l e scope .  

For example a t  501” t h i s  would be 4 

Desp i t e  t h e  moderate c o s t ,  some c a r e  should be given t o  p l a c i n g  

t h e  l a r g e s t  of t h e  ground t e l e s c o p e s  i n  t h e  most f avorab le  d r i e s t  

s i tes  such  a s  c e r t a i n  mountain s i tes  i n  the South West and i n  Hawaii. 

A t  p r e s e n t  t h e  b e s t  U . S ,  s i te  i s  suspected t o  be i n  Hawaii. 

might  cons ide r  e s t a b l i s h i n g  a n a t i o n a l  i n f r a r e d  f a c i l i t y  t h e r e  i f  

s u r v e y s  confirm t h i s  b e l i e f .  

One 
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Alof t  one can f o r s e e  uses  f o r  t e l e s c o p e s  of t h e  fo l lowing  

s i z e s ,  each a s soc ia t ed  w i t h  a p a r t i c u l a r  po in t ing  accuracy.  

(i) L e s s  t han  30 c m  a p e r t u r e  pointed t o  2 6 minutes of a r c  o r  

worse. These would be used  f o r  s tudying extended o b j e c t s .  

(ii) L e s s  than  1 m e t e r  po in ted  t o  t 6 seconds of a r c .  For some 

s p e c i a l i z e d  purposes  t h e s e  might need t o  be poin ted  t o  2 4 second 

of a r c .  These would be used f o r  s tudying  t h e  b r i g h t e s t  p o i n t  sources.  

(iii) Telescopes l a r g e r  t han  1 meter w i l l  be  needed f o r  s tudying  

f a i n t  p o i n t  sou rces  and f o r  ob ta in ing  s p e c t r a l  in format ion  from t h e  

b r i g h t e r  sou rces  such a s  p l a n e t s .  For f a i n t  sources  t h e  p o i n t i n g  

accuracy must be h igh ,  approximately 2 1 second of a r c ,  and t h e  

s u r f a c e  must be f a i r l y  good, a c c u r a t e  t o  about 2 5 wavelengths of 

v i s i b l e  l i g h t .  For spec t roscop ic  s t u d i e s  of b r i g h t  sou rces ,  t h e  

accuracy r equ i r ed  is  no t  a s  high. Thinking i n  t e r m s  of Apollo 

hardware, one might hope f o r  3 meter t e l e s c o p e s  of t h e s e  k inds .  It 

has  been suggested t h a t  a s i n g l e  h igh  p r e c i s i o n  multi-purpose tele- 

scope should be b u i l t  w i t h  i ts  p r o p e r t i e s  optimised f o r  v i s u a l  and 

u l t r a v i o l e t  work. Unfor tuna te ly ,  it seems h igh ly  u n l i k e l y  t h a t  such 

a t e l e s c o p e  would be u s e f u l  f o r  t h e  i n f r a r e d  because of t h e  v a s t  

t he rma l  emission t h a t  would be expected from a t e l e s c o p e  not  p r imar ly  

des igned  f o r  minimum number of s u r f a c e s  and r e f l e c t i o n  coa ted  spec- 

i f i c a l l y  f o r  i n f r a r e d  u s e  above t h e  atmosphere. 

t h a t  i f  s e p a r a t e  i n f r a r e d  3 meter t e l e s c o p e s  could no t  be made a v a i l -  

a b l e ,  p r o g r e s s  might b e s t  r e s u l t  from p e r f e c t i n g  1 m e t e r  s i z e d  

i n f r a r e d  in s t rumen t s .  

One might w e l l  f i n d  
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D SPECTROGRAPHS AND SPECTROMETERS 

The most e f f i c i e n t  way of ob ta in ing  i n f r a r e d  s p e c t r a  is  w i t h  

mul t ip l ex  spec t rometers .  I n  t h e s e  systems many s p e c t r a l  channels  

a r e  s imul taneous ly  observed on one d e t e c t o r  element by us ing  

va r ious  modulation techniques .  I f  t h e  source  is extended,  t h e  

h igh  throughput  ( a r e a  x s o l i d  angle) such a s  occurs  w i t h  a Michelson 

i n t e r f e r o m e t e r  provides  a f u r t h e r  g a i n  i n  e f f i c i e n c y .  Such systems 

a r e  most advantageous f o r  h igh  r e s o l u t i o n  s p e c t r a l  s t u d i e s .  Low 

r e s o l u t i o n  s t u d i e s  o r  s t u d i e s  involv ing  f e w  s p e c t r a l  elements may 

w e l l  be  b e s t  made w i t h  tuneab le  f i l t e r s  or scanning monochromators. 

Unfor tuna te ly  t h e  mul t ip l ex  instrument  i s  f a r  more s e n s i t i v e  t o  

e x t e r n a l  c o n d i t i o n s ,  such as source v a r i a t i o n s  o r  motion of t h e  

image i n  t h e  e n t r a n c e  a p e r a t u r e .  Therefore  t h e  choice  of ins t rument  

w i l l  always depend on t h e  exact n a t u r e  of t h e  as t ronomica l  problem, 

and t h e  p o s s i b i l i t y  of extremely a c c u r a t e  guid ing  of t h e  t e l e s c o p e .  

Laser spec t rog raphs  may e v e n t u a l l y  become a v a i l a b l e  f o r  c e r t a i n  

s p e c i a l i z e d  problems, f o r  example s t u d i e s  of i n t e r s t e l l a r  emission 

l i n e s ,  b u t  t h e i r  u s e  appears  t o  be about 10 y e a r s  o f f .  It  s e e m s  

h i g h l y  u n l i k e l y  t h a t  t h e  Laser superhetrodyne r e c e i v e r  w i l l  become 

an  impor tan t  as t ronomica l  t o o l  i n  t h e  pe r iod  up t o  1987. 

111 THE ROLE OF GROUND BASED AND SPACE BORNE PROJECTS I N  THE 
INFRARED PROGRAM 

The d i f f e r e n t  l o c a t i o n s  f o r  a d e t e c t o r  and t e l e s c o p e  each 

have t h e i r  own advantages,  summarised below. 
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A GROUND BASED PROJECTS 

These can have advantages of  low c o s t  and s i m p l i c i t y ,  s h o r t  

l ead  t i m e  f o r  experiments ,  and ease  i n  using f o r  g radua te  s t u d e n t  

t r a i n i n g ,  p a r t i c u l a r l y  c r u c i a l  i n  t h i s  a r e a  i n  which s o  few people  

a r e  a t  p r e s e n t  working. The d isadvantages  are t h a t  even from t h e  

d r i e s t  h igh  a l t i t u d e  s i t e s ,  f o r  example Arizona or Hawaii mountain 

t o p s  , s e v e r e  atmospheric  a t t e n u a t i o n  and emission is  expected. 

However va luab le  new r e s u l t s  may be obta ined  wi th :  

(i) Moderate r e s o l u t i o n  (- 2-4 second of arc) l a r g e  t e l e s c o p e s  

( - 3  m e t e r )  f o r  search ing  f o r  and s tudying  f a i n t  o b j e c t s .  

(ii) Low r e s o l u t i o n  (-1 minute of arc) g i a n t  t e l e s c o p e s  (up t o  

25 meters) f o r  ob ta in ing  h igh  s p e c t r a l  r e s o l u t i o n  of t h e  b r i g h t e s t  

o b i e c t s .  Both of t h e s e  can be low cost systems. 

B AIRCRAFT FLIGHTS 

The advantage of t h e  a i r p l a n e  is t h e  ease of modifying t h e  

equipment and f l y i n g  aga in .  The h i g h e s t  a l t i t u d e s  a v a i l a b l e  a r e  

needed because of t h e  r a p i d  f a l l  o f f  i n  water  vapor w i t h  he igh t  

i n  t h i s  r eg ion  of t h e  atmosphere. Commercial and m i l i t a r y  p l anes  

c a p a b l e  of a l t i t u d e s  above 50,000 feet  ex is t .  However p l anes  such 

as t h e  Convair 990 from which some i n f r a r e d  obse rva t ions  are 

planned s e e m  u s e f u l  for  obse rva t ions  s h o r t  of 2 5 , ~ ~  

inadequa te  f o r  most longer  wavelength obse rva t ions .  

a l t i t u d e  p l ane  f o r  developing i n f r a r e d  in s t rumen ta t ion  and making 

o b s e r v a t i o n s  w i t h  t e l e s c o p e s  up t o  about 10 inch  a p e r t u r e  i s  needed. 

b u t  probably 

A sma l l e r  h igh  
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C BALLOON FLIGHTS 

For t h e  s i m p l e s t  observa t ions  t h a t  r e q u i r e  l i t t l e  or  no 

human i n t e r v e n t i o n  ba l loons  should con t inue  t o  be used throughout  

t h e  nex t  20 y e a r s .  However i n f r a r e d  work should no t  r e q u i r e  t h e  

development of h igh ly  s o p h i s t i c a t e d  v e h i c l e s  whose r e p a i r  t i m e  and 

c o s t s  are very  l a r g e .  For i n i t i a l  sky survey work, ba l loons  should 

prove ve ry  va luab le .  The subsequent u se  of ba l loons  w i l l  con t inue  

t o  p l a y  an important  r o l e  where t h e  a l t i t u d e  i s  no t  a l i m i t a t i o n  

and t h e  s h o r t  l ead  t i m e  over s a t e l l i t e  experiments i s  an advantage.  

D ROCKET FLIGHTS 

The d isadvantage  of a s h o r t  observing t i m e  must t e l l  a g a i n s t  

r o c k e t s  i n  t h e  long run .  However du r ing  t h e  next  5 y e a r s ,  t h e r e  

may be u s e f u l  survey r e s u l t s ,  p a r t i c u l a r l y  i f  t h e  atmosphere a t  

ba l loon  a l t i t u d e s  proves t o  be more cloudy than  hoped a t  p r e s e n t .  

The a b s o l u t e  measurement of dark sky b r i g h t n e s s  a t  va r ious  wave- 

l e n g t h s  w i l l  i n i t i a l l y  be t r i e d  from r o c k e t s .  This  extremely 

d i f f i c u l t  task may spread i n t o  t h e  pe r iod  1972-1987. 

E SATELLITE PROJECTS 

The va lue  of sa te l l i t es  f o r  i n f r a r e d  obse rva t ions  w i l l  depend 

on t h e  a v a i l a b i l i t y  of d e t e c t o r  c o o l i n g  systems of adequate ly  

long  l i f e t i m e .  If w o r k  w e r e  s t a r t e d  on such systems now, a 

v e h i c l e  w i t h  a t e l e s c o p e  of 1 meter i n  diameter  might be launched 

i n  t h e r  pe r iod  1972-1975. A 3 meter t e l e s c o p e  should a l s o  go 

i n t o  d e s i g n  when t h e  coo l ing  system has  been pe r fec t ed  t o  t h e  
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p o i n t  where i t s  form i s  known. 

would be such t h a t  t h e i r  i n s t rumen ta t ion  should be modi f iab le  

by man i n  o r b i t .  However t h e r e  seems t o  be l i t t l e  need f o r  man 

i n  t h e  day t o  day ope ra t ion  of such systems.  

of  such t e l e s c o p e s  would occur from 1972 onward. 

F LUNAR AND PLANETARY MISSIONS AND FLYBYS 

The expense of l a r g e  t e l e s c o p e s  

The major expenses 

I n f r a r e d  spec t roscopy w i l l  be impor tan t  as a remote sens ing  

t o o l .  Most f ly -bys  i n  t h e  per iod  up t o  1987 ' should  have i n f r a r e d  

spec t rog raph ic  equipment. The p r e c i s e  equipment w i l l  depending 

on t h e  s t a t e  of ones e x i s t i n g  knowledge of t h e  p l a n e t ,  and on 

t h e  a b i l i t y  t o  coo l  t h e  d e t e c t o r .  Th i s  w i l l  p rovide  a u s e f u l  

technique  f o r  a n a l y s i s  p l a n e t a r y  atmospheres.  However f o r  

s o l a r  system o b j e c t s  w i thou t  an atmosphere i n i t i a l  s t u d i e s  from 

t h e  ground of t h e  moon i n  t h e  m i d  i n f r a r e d  sugges t  t h a t  t h i s  is 

n o t  a powerful t o o l  f o r  s tudying  s u r f a c e  composition. 

I V  CONCLUSIONS 

The most u rgen t  need i n  i n f r a r e d  astronomy is fcr a t c ~ l i w  '3 

d e v i c e  t o  g i v e  ex t remely  l o w  tempera tures  between 0.1 and 2OK i n  

a s a t e l l i t e  environment.  A l l  i n f r a r e d  s a t e l l i t e  and f ly-by  work 

w i l l  depend on t h i s  development. 

While ground based work i s  sometimes not  considered t o  be a 

p a r t  of space  e x p l o r a t i o n ,  t h e  s e n s i b l e  and economical s c i e n t i f i c  

u s e  of p o s t  Apollo s a t e l l i t e s y a t g n s  r e q u i r e s  an adequate suppor t ing  
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ground obse rva t ion  program and cannot be d i scussed  wi thout  i t .  

Ground s t u d i e s  w i l l  cont inue  t o  be extremely important  i n  

I 
I 
I 
I making d i s c o v e r i e s ,  and i n  i n d i c a t i n g  t h e  a r e a s  of g r e a t e s t  

importance f o r  t h e  more expensive f l i g h t  programs. The needs 

a r e  adequate  suppor t  f o r  instrument  development ( d e t e c t o r s ,  I 
I 

spec t rographs)  and f o r  t h e  c r e a t i o n  of a few l a r g e  and ve ry  l a r g e  

moderate q u a l i t y  t e l e s c o p e s  t o  be placed on d r y  mountain si tes.  

F u r t h e r  surveys  t o  determine t h e  l o c a t i o n  of minimum..humidity 

s i tes  would be extremely va luable .  For example a t  a r e c e n t  

i n f r a r e d  conference P ro fes so r  Salmonovich r e p o r t e d  t h a t  t h e  co ld  

p o l e  i n  S i b e r i a  t u r n s  ou t  t o  be an observing s i t e  f a r  i n f e r i o r  t o  

e x p e c t a t i o n s .  N o  adequate  exp lana t ion  o f  t h i s  exis ts .  

An i n f r a r e d  r e s e a r c h  a i r p l a n e  is needed f o r  a l t i t u d e s  of 

50,000 feet  o r  h ighe r .  Some e x i s t i n g  commercial and m i l i t a r y  

p l a n e s  appear t o  be adequate .  

Rocket and b a l l o o n  work should be supported w i t h  t h e  expec- 

t a t i o n  t h a t  i ts most u s e f u l  per iod  w i l l  be i n  t h e  forthcoming 5 

y e a r s  (1967-1972) .  This  s ta tement  assumes t h a t  as t h i s  ba l loon  

and r o c k e t  work is  phased o u t  it w i l l  be r ep laced  by i n f r a r e d  

p o s t  Apollo s a t e l l i t e  systems. Balloon ins t ruments  should i n  

g e n e r a l  be s imple  and inexpensive.  A modest l e v e l  of ba l loon  

I , 

I 

f l i g h t s  should be cont inued i n d e f i n i t e l y  f o r  s t u d i e s  i n  new a r e a s .  

- 14 - 



Survey w o r k  should be t h e  main as t ronomica l  g o a l  of t h e  next  

f i v e  y e a r s .  The fol lowing 15 years  should be  a per iod  of consol id-  

a t i o n  and ga the r ing  more d e t a i l  along l i n e s  suggested i n  t h e  open- 

l i n g  s e c t i o n  of t h i s  r e p o r t .  This  work w i l l  r e q u i r e  t h e  use  of 1 

I m e t e r  and l a t e r  3 m e t e r  t e l e scopes  i n  o r b i t .  

I 
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